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Abstract

Controlof immune responses through the immunometabo-
lism interference is interesting for sepsis treatment. Then, ex-
pression of immunometabolism-associated genes and
BAM15, a mitochondrial uncoupling agent, was explored in
a proinflammatory model using lipopolysaccharide (LPS) in-
jection. Accordingly, the decreased expression of mitochon-
drial uncoupling proteins was demonstrated by transcrip-
tomic analysis on metabolism-associated genes in macro-
phages (RAW246.7) and by polymerase chain reaction in
LPS-stimulated RAW246.7 and hepatocytes (Hepa 1-6). Pre-
treatment with BAM15 at 24 h prior to LPS in macrophages
attenuated supernatant inflammatory cytokines (IL-6, TNF-q,
and IL-10), downregulated genes of proinflammatory M1 po-
larization (iNOS and IL-1pB), upregulated anti-inflammatory
M2 polarization (Arg1 and FIZZ), and decreased cell energy
status (extracellular flux analysis and ATP production). Like-
wise, BAM15 decreased expression of proinflammatory
genes (IL-6, TNF-q, IL-10, and iNOS) and reduced cell energy

in hepatocytes. In LPS-administered mice, BAM15 attenuat-
ed serum cytokines, organ injury (liver enzymes and serum
creatinine), and tissue cytokines (livers and kidneys), in part,
through the enhanced phosphorylated aAMPK, a sensor of
ATP depletion with anti-inflammatory property, in the liver,
and reduced inflammatory monocytes/macrophages (Ly6C
+ve, CD11b +ve) in the liver as detected by Western blot and
flow cytometry, respectively. In conclusion, a proof of con-
cept for inflammation attenuation of BAM15 through meta-
bolic interference-induced anti-inflammation on macro-
phages and hepatocytes was demonstrated as a new strate-

gy of anti-inflammation in sepsis.  ©2021 The Author(s).
Published by S. Karger AG, Basel

Introduction

Sepsis, a syndrome of organ dysfunction due to the
imbalance of host responses against systemic infection
[1], is an important world-wide healthcare problem that
is a major cause of death in patients with clinical illness
[1]. The shift in the balance toward proinflammatory im-
mune responses, referred to as “hypercytokine syndrome”
or “systemic inflammatory response syndrome,” is an im-
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portant cause of death in sepsis leading to the utilization
of anti-inflammatory adjunctive treatment [2-4]. The ro-
bust responses of innate immune cells, including macro-
phages, mainly account for the sepsis pathophysiology
(5].

The plasticity of macrophages, the important immune
cells in response to infection [6], classified into a classical
activated proinflammatory M1 macrophage polarization
and an alternative anti-inflammatory M2 macrophage
polarization is well known [7]. An imbalance between M1
and M2 macrophage polarization is responsible for sev-
eral abnormalities including the prominent M1 macro-
phage polarization in sepsis-induced hyperinflammatory
responses [5]. As such, the blockage of M1 polarization
attenuates the exaggerated inflammation in systemic in-
fection [8, 9]. Interestingly, the metabolic activities of im-
mune cells, at least in part, depend on the status of cell
energy (adenosine triphosphate; ATP) that is derived
from glycolysis and oxidative phosphorylation (OX-
PHOS) of mitochondria [10, 11]. Accordingly, glycolysis,
but not OXPHOS, is important for the metabolism of M1
macrophages in hyperinflammatory responses, possibly
due to the reduced oxygen supply for the OXPHOS cycle
[12]. The blockade of glycolysis induces anti-inflamma-
tory status in sepsis [8, 13, 14]. Despite the less impor-
tance of OXPHOS during proinflammatory sepsis as pre-
viously mentioned [12], OXPHOS is important for in-
flammation in other models [15] as the decreased
OXPHOS reduces inflammation in cord-blood macro-
phages [16], and blockade of ATP synthesis attenuates
obesity-induced proinflammation [17].

Normally, OXPHOS is an effective process of ATP
production in mitochondria using the electrochemical
proton gradient across the mitochondrial inner mem-
brane through ATP synthase [12]. However, some pro-
tons do not enter the ATP synthesis process but leak back
into the mitochondrial matrix, referred to as “mitochon-
drial uncoupling,” which leads to the decrease in proton
gradients and ATP production [18]. Then, mitochondri-
al uncoupling proteins (UCPs), a group of proteins with
a capacity to transfer protons, enhance ATP synthesis and
alter several cell metabolic profiles [19]. Nevertheless, the
proton carried by mitochondrial uncoupling agents en-
hances ATP synthesis only in a very short period of time
after the administration but induces an impairment of
mitochondrial membrane potential (MMP) that dissi-
pates the proton gradient and reduces ATP synthesis [20-
22]. Therefore, mitochondrial uncoupling agents are
used for ATP production blockage that attenuate macro-
phage proinflammation [23-25]. Accordingly, the en-
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hanced mitochondrial UCP2 in transgenic mice attenu-
ates inflammatory cytokines in an ischemic brain model
[26], and UCP2 depletion amplifies inflammation
through the accelerated IkB kinase and NFkB signaling
[27]. In parallel, BAM15, a synthetic mitochondrial un-
coupling agent, has been used as an interesting candidate
of anti-inflammation in several models including isch-
emic kidney injury [28] and obesity-induced inflamma-
tion [29], but never been tested in sepsis. Due to the high-
er BAM15 distribution in the liver, BAM15 attenuated
fatty acid-induced hepatocyte injury (steatohepatitis) in
an obesity model [30]. Because the liver is also an impor-
tant organ that is responsible for inflammatory responses
in systemic infection [31], BAM15 might effectively at-
tenuate sepsis-induced liver injury. Different from car-
bonyl cyanide-4-phenylhydrazone (FCCP), a classical
mitochondrial uncoupling agent, BAM15 is more specif-
ic to the mitochondrial membrane without an adverse ef-
fect on cell membrane depolarization [28]. Here, BAM15
was tested in vitro (macrophages and hepatocytes) and in
the lipopolysaccharide (LPS)-induced inflammation
mouse model.

Materials and Methods

Animal and Animal Model

The animal procedure, in accordance with the protocol of the
National Institutes of Health (NIH; USA), was approved by the
Institutional Animal Care and Use Committee of the Faculty of
Medicine, Chulalongkorn University, Bangkok, Thailand. Male
6-week-old mice, purchased from Nomura Siam International
(Pathumwan, Bangkok, Thailand), were housed in the animal fa-
cility for 1 week before performing the experiments. Systemic in-
flammation was induced by endotoxin (LPS) from Escherichia coli
026:B6 (Sigma-Aldrich, St. Louis, MO, USA) as previously de-
scribed [8, 32, 33] with BAM15 pretreatment in a dose that was
modified from a previous publication [30]. In brief, BAM15 (Sig-
ma-Aldrich) at 1 mg/kg in 10% of dimethylsulfoxide (DMSO)
(Sigma-Aldrich) or 10% DMSO alone was intraperitoneally ad-
ministered at 3 h prior to the intraperitoneal injection of LPS (4
mg/kg) in phosphate buffer solution (PBS) or PBS alone. Because
of the maximal injury at 2 h after LPS injection in the mouse mod-
el [8], all mice were sacrificed with cardiac puncture under isoflu-
rane anesthesia with sample collections (blood and organs) at 2 h
after LPS. Organs (snap frozen on liquid nitrogen) and serum were
kept in =70°C until use.

Analysis of Mouse Samples and Western Blotting

Systemic inflammation was determined by serum cytokines
(IL-6,1L-10, and TNF-a) using ELISA assay (ReproTech, Oldwick,
NJ, USA). Liver injury was evaluated by aspartate transaminase
(AST) and alanine transaminase (ALT) by using EnzyChrom AST
(EASTR-100) and EnzyChrom ALT (EALT-100) (BioAssay, Hay-
ward, CA, USA), respectively. Kidney injury was measured by cre-
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Table 1. List of the primers for macrophage polarization and glycolysis pathway

Primers
B-Actin Forward 5'-CGGTTCCGATGCCCTGAGGCTCTT-3'
Reverse 5-CGTCACACTTCATGATGGAATTGA-3'
Uncoupling protein 2 Forward 5-GCCACTTCACTTCTGCCTTC-3'
Reverse 5-GAAGGCATGAACCCCTTGTA-3'
Uncoupling protein 3 Forward 5'-ACCTGGACTGCATGGTAAGG-3'
Reverse 5-CTCGTTCTTGCCCTAAGGTG-3'
Inducible nitric oxide synthase Forward 5-CCCTTCCGAAGTTTCTGGCAGCAGC-3'
Reverse 5-GGCTGTCAGAGCCTCGTGGCTTTG-3'
Arginase 1 Forward 5'-CAGAAGAATG GAAGAGTCAG-3'
Reverse 5'-CAGATATGCA GGGA GTCACC-3'
Found in inflammatory zone Forward 5-GCCAGGTCCTGGAACCTTTC-3'
Reverse 5-GGAGCAGGGAGATGCAGATGAG-3'
Tumor necrosis factor o Forward 5'-CCTCACACTCAGATCATCTTCTC-3'
Reverse 5-AGATCCATGCCG TTGGCCAG-3'
Interleukin-1§ Forward 5-GAAATGCCACCTTTTGACAGTG-3'
Reverse 5-TGGATGCTCTCATCAGGACAG-3'
Interleukin-6 Forward 5'-CTTCCATCCAGTTGCCTTCT-3'
Reverse 5'-CCTTCTGTGACTCCAGCTTATC-3'
Interleukin-10 Forward 5-GCTCTTACTGACTGGCATGAG-3'
Reverse 5'-CGCAGCTCTAGGAGCATGTG-3'

atinine (Cr) with QuantiChrom Creatinine-Assay (DICT-500)
(BioAssay). Additionally, liver and kidney injury was also evalu-
ated by tissue cytokines following a previous protocol [34]. In brief,
tissue samples were weighed and sonicated thoroughly, and the
supernatant from homogenous tissue preparation was collected
for cytokine measurement by ELISA assay (Biolegend, San Diego,
CA, USA) as the serum samples.

Furthermore, protein abundance of phosphorylated AMP-ac-
tivated protein kinase in alpha isoform (p-a AMPK), a molecule for
ATP restoration [35], in the liver was examined by Western blot
analysis according to a previous protocol [35]. In brief, the liver
was homogenized and incubated in lysis buffer (radioimmunopre-
cipitation assay buffer) complemented with protease and phos-
phatase inhibitor (Thermo-Scientific, Rockford, IL, USA). Quan-
tification of protein concentration was performed via Bradford as-
say before protein separation using polyacrylamide gel with 10%
sodium dodecyl sulfate. Thereafter, protein from the gel was trans-
ferred to the PVDF membrane, followed by incubation of primary
antibodies (Cell Signaling Technology Corporate, Danvers, MA)
for (i) p-aAMPK (Thr172) (40H9) (p-aAMPK), (ii) total tAMPK,
and (iii) B-actin (a housekeeping protein) with a second antibody
conjugated to horseradish peroxidase and visualized by chemilu-
minescence (Thermo-Scientific). Notably, p-aAMPK (Thrl172)
detects endogenous a AMPK only when phosphorylated at threo-
nine 172, but not at the phosphorylation at threonine 183 that tar-
geted both al and a2 isoforms of the catalytic subunit but not the
B and y regulatory subunits in accordance with the manufacturer’s
information.

BAM15 Attenuates Inflammation in
Macrophages and Hepatocytes

Flow Cytometry Analysis of Immune Cells in the Liver

Flow cytometry analysis of liver macrophages was modified
from a previous publication [36-38]. In brief, at 2 h following LPS
injection, livers were minced, homogenized in Roswell Park Me-
morial Institute media, passed through cell strainers, and incu-
bated with red blood cell lysis (NH4CI) buffer before washing with
PBS. Suspended hepatocytes were preincubated with bovine se-
rum albumin with 2% heat-inactivated fetal bovine serum for 10
min at room temperature before incubation with antibodies
against monocytes/macrophages including FITC-conjugated anti-
Ly6G (BD Biosciences, Franklin Lakes, NJ, USA), phycoerythrin-
conjugated anti-F4/80 (Biolegend), and allophycocyanin-conju-
gated anti-CD11b (Biolegend) (at a dilution of 1:100). Then, cells
were fixed with 4% paraformaldehyde (BD Biosciences) and abso-
lute cell counts determined using an absolute count bead (Beck-
man Coulter, Brea, CA, USA). Flow cytometry data were analyzed
by using a BD LSRII cytometer (BD Biosciences) and Flow]Jo soft-
ware.

The in vitro Experiments, RNA Sequencing Analysis, and

Quantitative Polymerase Chain Reaction

The cell lines of murine macrophages (RAW264.7) (TIB-71™;
ATCC, Manassas, VA, USA) and murine hepatocytes (Hepa 1-6)
(CRL-1830™, ATCC) were incubated in Dulbecco’s Modified Ea-
gle Medium (DMEM) with penicillin-streptomycin and heat-inac-
tivated fetal bovine serum (Thermo Fisher Scientific, Waltham,
MA, USA) at 37°C with 5% carbon dioxide. Cells were seeded over-
night before the pretreatment with BAM15 (different concentra-
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tions and time points) or DMSO control before the activation in
macrophages or hepatocytes by LPS (100 ng/mL) for 6 h or LPS (1
pg/mL) for 1-6 h, respectively, prior to cell harvesting due to the
different LPS responses between these cells [39, 40]. For prepara-
tion of heat-killed microbes, E. coli (ATCC 25922), Staphylococcus
aureus (ATCC 25923), and Candida albicans (ATCC 14053) (the
American Type Culture Collection, Manassas, VA, USA) were
heat inactivated at 65°C for 30 min and thoroughly sonicated as in
a previous publication [41]. Then, RAW264.7 cells were stimu-
lated with each of these heat-killed microbes with a ratio between
RAW264.7 cells and each organism (cells) at 1:10 for 6 h before the
sample collection. Then, cytokines in the supernatant were mea-
sured by ELISA assay (Biolegend), and cells were used for RNA
extraction and extracellular flux analysis.

In macrophages, RNA sequencing analysis was performed to
explore the downstream gene expression after LPS stimulation by
the BGI Company. The differential gene expression using R pack-
age and the biological process and pathway analysis were per-
formed by GO analysis and gene ontology pathway analysis, re-
spectively [42]. In addition, several interesting molecules in both
cell types were determined by qPCR as previously described [33].
In brief, RNA extraction from cells was performed using Trizol
(Thermo Fisher Scientific). Amount of RNA was determined by
using Nano drop ND-1000 (Thermo Fisher Scientific) before con-
verting to cDNA by using the reverse transcription system. Gene
expression was determined by qPCR using the cDNA template,
target primers, and SYBR Green master mix (Applied Biosystem,
Foster City, CA, USA), and B-actin was used as a housekeeping
gene in the AACT method. The primers of target genes are listed
in Table 1.

MMP Assessment, Extracellular Flux Analysis, Cellular

Lactate, and Total Cellular ATP

MMP was investigated using MitoTracker Red CMXRos
(Thermo Fisher Scientific) as a red fluorescent color on mitochon-
dria with active membrane potential in accordance with the man-
ufacturer’s protocol. In brief, 200 nM of MitoTracker Red was in-
cubated with the cell culture at 37°C for 30 min before fixation with
methanol at 20°C for 15 min. Cells were also stained with 4',6-di-
amidino-2-phenylindole DAPI (Sigma Aldrich), the blue fluores-
cent color DNA staining. The fluorescent images were photo-
graphed by using the confocal microscope ZEISS LSM 800 (Carl
Zeiss, Germany) with the intensity analysis using the Varioskan
Flash microplate reader (Thermo Fisher Scientific). Oxygen con-
sumption rate (OCR) and extracellular acidification rate (ECAR),
a representative of mitochondrial function (respiration) and gly-
colysis, respectively, were analyzed by using Seahorse XFp Analyz-
ers (Agilent, Santa Clara, CA, USA) as described in a previous pub-
lication [43]. In brief, cells were stimulated, as described above, in
a Seahorse cell culture plate before replacing by Seahorse media
(DMEM complemented with glucose, pyruvate, and L-glutamine)
(Agilent, 103575-100) in pH 7.4 at 37°C for 1 h prior to the chal-
lenge with different metabolic interference compounds including
oligomycin 1.5 uM, carbonyl cyanide-4-(trifluoromethoxy)-phen-
ylhydrazone (FCCP) 1 pM, and rotenone/antimycin A 0.5 uM ac-
cording to the protocol. The ECAR graph was calculated from
OCR data, and all data were analyzed by using Seahorse Wave 2.6
software based on the following equations: basal respiration =
OCR before oligomycin — OCR after rotenone/antimycin A, max-
imal respiration = OCR between FCCP and rotenone/antimycin
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A — OCR after rotenone/antimycin A, and respiratory reserve =
OCR between FCCP and rotenone/antimycin A — OCR before oli-
gomycin. In addition, cellular lactate by colorimetric assay (BioVi-
sion, Milpitas, CA 95035, USA) and cellular ATP analysis by lumi-
nescent ATP detection assay (Abcam, Cambridge, UK) were per-
formed according to the manufacturer’s protocol.

Statistical Analysis

Graph establishment and data analysis was performed using
GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego, CA,
USA) and demonstrated in mean + standard error (SEM). Stu-
dent’s t test or one-way analysis of variance upon Tukey’s analysis
was used to determine statistical significance between 2 or more
groups, respectively. Statistical significance was marked with the p
value <0.05.

Results

Pretreatment with BAM15 reduced inflammatory re-
sponses in LPS-stimulated macrophages (RAW264.7)
and hepatocytes (Hepl-6), and BAM15 attenuated the
severity of LPS-injected mice.

The Reduced Mitochondrial Uncoupling-Related

Genes in LPS-Activated Macrophages: An

Association between Cell Energy and Macrophage

Proinflammatory Responses

To investigate a possible association between cell en-
ergy and inflammatory responses in macrophages, the
RNA sequencing analysis of metabolism-associated genes
in macrophages after stimulation by LPS or PBS control
was performed. Accordingly, a reduction in most genes
with an increase in a few genes was demonstrated in LPS-
stimulated macrophages compared with the control
(Fig. 1a). The UCPs (UCP1, UCP2, and UCP3), ATP syn-
thesis-associated molecules, were among the LPS-down-
regulated genes, indicating a reduced mitochondrial
function after LPS stimulation (Fig. 1a). Although most
of the genes in the respiratory electron transport and tri-
carboxylic acid cycle were downregulated, some genes in-
cluding LDHA, SLC16A3, and PDK3, pyruvate metabo-
lism-associated genes [44], were upregulated suggesting
a compensatory increased glucose consumption during
LPS-induced mitochondrial dysfunction to restore cell
energy status.

Due to the hepatic impacts in severe inflammatory re-
sponses [31, 45, 46] and the altered metabolic profiles in
activated macrophages [43], LPS was stimulated in both
macrophages and hepatocytes to further explore UCP
gene expression. Indeed, a downregulation of both UCP2
and UCP3 was also demonstrated in both macrophages

Dang et al.
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Fig. 1. The transcriptome analysis in macrophages (RAW264.7)
and UCP gene expression in LPS-stimulated RAW264.7 and hepa-
tocytes (Hepa 1-6). The transcriptome analysis in macrophages
(RAW?264.7) presented by hierarchical clustering heat-map profil-
ing groups focusing on OXPHOS and mitochondrial respiration-
associated genes (a) and the gene expression of mitochondrial

BAM15 Attenuates Inflammation in
Macrophages and Hepatocytes

UCPs (UCP2 and UCP3) in macrophages and hepatocytes (Hepa
1-6) (b-e) as determined by qPCR relative to expression of the
B-actin housekeeping gene are demonstrated (independent tripli-
cate experiments were performed). LPS, lipopolysaccharide;
UCPs, uncoupling proteins; OXPHOS, oxidative phosphoryla-
tion; qPCR, quantitative polymerase chain reaction.
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Fig. 2. The in vitro optimization of BAM15 on macrophages
(RAW264.7). BAM15 or DMSO in the different concentrations
was incubated with macrophages for 24 h before cell viability was
tested with tetrazolium 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphen-
yltetrazolium assay (a). MMP measurement in different times of
BAMI5 incubation by MitoTracker Red CMXRos as demonstrat-

and hepatocytes after LPS stimulation (Fig. 1la—e). How-
ever, UCP1 was nondetectable in both cells (data not
shown). Due to the decreased expression of UCPs (UCP2
and UCP3) during LPS stimulation, a supplement with
mitochondrial uncoupling agents might be beneficial in
the hyperinflammatory status.

BAM15 Reduced Inflammatory Responses (Cytokines

and Proinflammatory M1 Macrophage Polarization)

through the Interference in Macrophage Metabolic

Profiles

According to the cell viability assay using tetrazolium
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium,
BAMI5 at the concentrations <50 nM was nontoxic to
macrophages (Fig. 2a). Then, BAM15 at 10 nM was fur-
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ed by the representative fluorescent pictures with the fluorescent
absorbance score (b, ¢) and the supernatant cytokines from mac-
rophages with the pretreatment of BAM15 (10 nM) at the different
time points before LPS administration (d-f) are demonstrated (in-
dependent triplicate experiments were performed). MMP, mito-
chondrial membrane potential; LPS, lipopolysaccharide.

ther used in all of the in vitro experiments. The different
incubation times of BAM15 were tested in RAW264.7
cells to investigate the kinetic effect of BAM15 on MMP
as determined by the staining with MitoTracker Red. As
expected, BAM15 enhanced MMP at the early time point
(0.5 and 1 h after BAM15) and then downregulated at 24
h after BAM15 with the reduction of supernatant cyto-
kines (Fig. 2b-f). At 24 h after BAM15, there was reduc-
tion in supernatant cytokines (IL-6, TNF-a, and IL-10)
(Fig. 3a—c) and proinflammatory markers of M1 polar-
ization (iNOS and IL-1B) with the enhancement in anti-
inflammatory M2 polarization at 6 h after LPS in macro-
phages (Fig. 3e-h). Moreover, BAM15 also attenuated
inflammatory responses after activation by the heat-
killed microbes, including E. coli, S. aureus, and C. albi-
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Fig. 3. The anti-inflammatory effect of BAM15 in macrophages
(RAW264.7). The responses of macrophages (RAW264.7) with
24-h BAM15 (or DMSO control) pretreatment prior to 6-h LPS
stimulation (or PBS) as displayed by the schematic diagram (a) and
evaluated by supernatant cytokines (b-d) and gene expression of
proinflammatory M1 (iNOS and IL-1p) or anti-inflammatory M2
(Arg-1 and Fizz) macrophage polarization using qPCR relative to

BAM15 Attenuates Inflammation in
Macrophages and Hepatocytes

expression of the f-actin housekeeping gene (e-h) are demonstrat-
ed (independent triplicate experiments were performed). In simi-
lar experimental designs, the responses of macrophages against the
heat-killed microbes including Escherichia coli, Staphylococcus au-
reus, and Candida albicans (i-k) are also demonstrated (indepen-
dent triplicate experiments were performed). LPS, lipopolysaccha-
ride; qPCR, quantitative polymerase chain reaction.
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cans despite the difference in proinflammatory activity
(Fig. 3i-k).

In parallel, 6-h LPS stimulation decreased mitochon-
drial functions (OCR) but enhanced glycolysis activity
(ECAR) when compared with PBS negative control
(Fig. 4a, b), supporting the glycolysis-associated proin-
flammatory macrophages [13, 47]. The reduction of mito-
chondrial activity after LPS stimulation was also indicated
by the decrease in several extracellular flux analysis pa-
rameters including basal respiration, maximal respiration
(a short period of mitochondrial activity enhancement
with FCCP), and respiratory reserve (an ability to enhance
mitochondrial activity from the baseline level) (Fig. 4c—e).
Due to the increased proinflammatory activities with de-
creased mitochondrial function in LPS-stimulated macro-
phages, mitochondrial ATP production and total ATP in
macrophages were decreased (Fig. 4f, g) along with a com-
pensatory increased glycolysis as indicated by increased
lactate (Fig. 4h), an end product of glycolysis [48]. Then,
BAM15 reduced cell energy in macrophages with LPS or
PBS (Fig. 4a-h), but BAM15 decreased cytokine produc-
tion and proinflammatory features only in LPS-stimulat-
ed cells, but not control cells with PBS (Fig. 3b-k).

BAM 15 Interfered with Hepatocyte Metabolic Profiles

and Attenuated Septic Severity in LPS Injection

Mouse Model, Partly through an Enhanced AMPK in

the Liver

Because of the liver accumulation of BAM15 [30] and
the importance of hepatocytes in proinflammatory sepsis
[31], effect of BAM15 on hepatocytes was evaluated. In-
deed, LPS-induced inflammatory cytokines and iNOS ex-
pression in hepatocytes (Fig. 5a-c) supported the LPS in-
flammatory activation [40]. Then, BAMI15 attenuated
these parameters, but not anti-inflammatory IL-10
(Fig. 5a—c). In parallel, LPS reduced mitochondrial func-
tion (OCR) in hepatocytes (Fig. 6a—e), similar to LPS-stim-
ulated macrophages (Fig. 4a—e), but LPS did not enhanced
hepatic glycolysis activity (ECAR) (Fig. 6a-e), different
from LPS-stimulated macrophages (Fig. 4a—e), perhaps
due to hepatic glycogen storage. Additionally, LPS reduced

Fig. 4. The cell energy analysis of LPS-stimulated macrophages
(RAW264.7) with BAMI15 pretreatment. The extracellular flux
analysis pattern of macrophages (RAW264.7) with 24-h BAM15
(or DMSO control) pretreatment prior to 6-h LPS stimulation (or
PBS) as evaluated by OCR of the mitochondrial stress test for mi-
tochondrial pathway analysis (a) and ECAR of the glucose stress
test for glycolysis pathway analysis (b) with the parameters of mi-
tochondrial activities including basal respiration, maximal respi-
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basal respiration, maximal respiration, respiratory reserve,
and mitochondrial ATP production (Fig. 6¢-f) but did not
decrease total hepatocyte ATP and lactate production
(Fig. 6g, h), different from LPS-stimulated macrophages
(Fig. 4g, h), possibly due to the prominent compensation
by potent hepatic glycolysis [49, 50]. BAM15 partly re-
duced hepatocyte mitochondrial function (decreased gly-
colysis reserve but not basal and maximal respiration) and
decreased other metabolic profiles (glycolysis activity, mi-
tochondrial ATP production, total hepatocyte ATP, and
lactate production) (Fig. 6¢c-h). Hence, BAM15 attenuated
inflammatory responses both in macrophages and hepato-
cytes through the cell-energy interference.

In correspondence to the in vitro anti-inflammation,
BAM15 attenuated systemic inflammatory cytokines (IL-
6 and TNF-a) but not anti-inflammatory (IL-10) along
with liver and kidney injury (liver enzymes and serum Cr)
(Fig. 7a-f). Because BAM15 is accumulated in the liver
and excreted through the kidney [30], the anti-inflamma-
tory effect of BAM15 in these organs might be more prom-
inent. Indeed, the reduced inflammatory cytokines (IL-6
and TNF-a) and increased anti-inflammatory IL-10 in the
liver and kidney were demonstrated (Fig. 7g-1). Addition-
ally, other systemic injury parameters such as AST, ALT,
and Cr also significantly attenuated with BAM15. Because
most of the cell populations in the liver are hepatocytes
(liver parenchymal cells) with only 15% of Kupffer cells
(immune cells) and other nonparenchymal cells (support-
ing cells) [51, 52], the lysate of liver tissue is used as a rep-
resentative of hepatocytic protein expression. As such,
LPS increased hepatic AMP-activated protein kinase
(AMPK), an anti-inflammatory metabolic sensor of ATP
depletion [53, 54] (Fig. 8a), possibly counteracted against
the LPS proinflammatory effect (Fig. 5f, g). The higher liv-
er AMPK (Fig. 8a) was another mechanism of BAM15 an-
ti-inflammation in systemic infection. Likewise, BAM15
also reduced hepatic accumulation of inflammatory mac-
rophages (CD11b positive, Ly6C positive), but not the to-
tal macrophages (F4/80 positive) of LPS-administered
mice (Fig. 8b-d). Hence, BAM15 is an interesting candi-
date for anti-inflammatory adjunctive treatment in sepsis.

ration, and mitochondrial reserve (c-e) are demonstrated (inde-
pendent triplicate experiments were performed). Additionally, the
mitochondrial ATP production using the extracellular flux analy-
sis (f), total ATP production (chemiluminescent assay) (g), and
supernatant lactate (colorimetric assay) (h) is indicated (indepen-
dent triplicate experiments were performed). LPS, lipopolysaccha-
ride; OCR, oxygen consumption rate; ECAR, extracellular acidifi-
cation rate. (For figure see next page.)
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Discussion

BAM15, a mitochondrial uncoupling agent, attenuat-
ed the severity of the LPS injection mouse model through
the reduction of mitochondrial activity and cell energy
status in macrophages and hepatocytes.

The Downregulation of Mitochondrial UCP after LPS

Stimulation: A Possible Natural Balance against LPS-

Induced Proinflammation

Although mitochondria are an important source of the
cellular ATP production through the electrochemical
proton-gradient in OXPHOS, the dissipation (leakage) of
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Fig. 5. The anti-inflammatory effect of BAM15 in hepatocytes (Hepa 1-6). The responses of hepatocytes (Hepa
1-6) with 24-h BAM15 (or DMSO control) pretreatment prior to 6-h LPS stimulation (or PBS) as evaluated by
gene expression of cytokines (IL-6, TNF-a, and IL-10) and iNOS using qPCR relative to expression of the p-actin
housekeeping gene (a-d) are demonstrated (independent triplicate experiments were performed). LPS, lipopoly-
saccharide; iNOS, inducible nitric oxide synthase; qPCR, quantitative polymerase chain reaction.

Fig. 6. The cell energy analysis of LPS-stimulated hepatocytes
(Hepa 1-6) with BAM15 pretreatment. The extracellular flux anal-
ysis pattern of hepatocytes (Hepa 1-6) with 24-h BAM15 (or
DMSO control) pretreatment prior to 6-h LPS stimulation (or
PBS) as evaluated by OCR of the mitochondrial stress test for mi-
tochondrial pathway analysis (a) and ECAR of the glucose stress
test for glycolysis pathway analysis (b) with the parameters of mi-
tochondrial activities including basal respiration, maximal respi-
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ration, and mitochondrial reserve (c-e) are demonstrated (inde-
pendent triplicate experiments were performed). Additionally, the
mitochondrial ATP production using the extracellular flux analy-
sis (f), total ATP production (chemiluminescent assay) (g), and
supernatant lactate (colorimetric assay) (h) is indicated (indepen-
dent triplicate experiments were performed). LPS, lipopolysaccha-
ride; OCR, oxygen consumption rate; ECAR, extracellular acidifi-
cation rate. (For figure see next page.)
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Fig. 7. BAM15 ameliorated the severity of LPS-administered mice. The severity of mice with intraperitoneal in-
jection of BAM15 (1 mg/kg) or DMSO (10%) at 3 h prior to the intraperitoneal administration of LPS or PBS as
evaluated by serum cytokines (a—c), liver enzymes (AST and ALT) (d, e), kidney injury (serum creatinine) (f),
and cytokines in livers and kidneys (g-1) is demonstrated (n = 6-8 mice/group). LPS, lipopolysaccharide; AST,
aspartate transaminase; ALT, alanine transaminase.

Fig. 8. The increased abundance of activated AMPK in the liver and
flow cytometry analysis of LPS-administered mice with BAM15
pretreatment. The abundance of hepatic p-a AMPK from mice with
intraperitoneal injection of BAM15 (1 mg/kg) or DMSO (10%) at
3 h prior to intraperitoneal administration of LPS or PBS by West-
ern blot analysis in relative ratio to total tAMPK along with the
B-actin internal control with the representative blotting picture (a)
and the flow cytometry analysis from the liver for total and inflam-
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matory monocytes/macrophages using F4/80 positive (F4/80 +ve)
and CD11b positive with Ly6C positive (Ly6C +ve and CD11b
+ve), respectively, with the representative flow cytometry pattern
(b-d) are demonstrated (n = 4-6/group). The representative flow
cytometry pattern of PBS-DMSO was not presented due to the sim-
ilarity to PBS-BAM15. LPS, lipopolysaccharide; p-aAMPK, phos-
phorylated AMP-activated protein kinase in alpha isoform.

(For figure see next page.)
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the proton away from the OXPHOS cycle reduces the ef-
fectiveness of ATP synthesis [55]. The leaked protons also
increase cell injury from increased reactive oxygen spe-
cies [25]. Mitochondrial UCPs transfer the proton into
the OXPHOS cycle which results in a quick boost-up of
ATP synthesis but followed by a rapid ATP reduction [20,
23, 56] which leads to a reduction of cell responses [18].
As such, UCP2 depletion in the transgenic mice increased
IL-1B and IL-6 [57], and UCP2 overexpression suppress-
es IL-6 and Bcl-2 that attenuates cerebral ischemic injury
[26]. Likewise, the decreased cell energy status which
leads to the reduction in cytokine production in macro-
phages is also demonstrated [35].

Here, LPS downregulated UCPs (mitochondrial func-
tion), in either macrophages or hepatocytes, but en-
hanced glycolysis and reduced cell energy status only in
macrophages but not in hepatocytes. While LPS could en-
hance glycolysis in macrophages (glycolysis-dependent
macrophage proinflammation) [13, 47], LPS could not
further increase hepatic glycolysis possibly because of the
lower hepatic cytokine production ability and the more
dominant hepatic glycolysis when compared with macro-
phages [49, 50, 58]. Although the different LPS-activated
metabolic responses between macrophages and hepato-
cytes are out of our scope, these data suggest the promi-
nent role of mitochondrial UCPs in both cells which are
a possible target for sepsis immune regulation.

BAM15, a Synthetic Mitochondrial Uncoupling

Agent, Attenuated Inflammation in Macrophages

and Hepatocytes by Suppressing Both Mitochondrial

Function and Glycolysis

Hyperinflammatory responses in sepsis which are a
main cause of the high mortality and the proinflamma-
tory attenuation, especially against macrophages, are
mentioned [9, 59]. Currently, the metabolism modifica-
tion which is an interesting strategy to harness macro-
phage responses as an alteration of the main energy me-
tabolism from mitochondria to glycolysis in proinflam-
matory M1 macrophages is well known [13, 47]. Not only
energy generation and thermogenesis but also an impact
of mitochondria toward immune responses is well de-
scribed [15]. Here, a mitochondrial uncoupling agent
(BAM15) attenuated inflammation via the suppression of
cell energy status on mitochondria and glycolysis activity,
supported by previous publications [23, 60]. Our model
demonstrated that BAM15 increased cell energy status at
the early time point (<1 h after BAM15) similar to the
previous reports [29, 30]; however, the cell energy was
reduced at 24 h after BAM15 resulting in the anti-inflam-
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matory characteristics. Hence, this discrepancy might be
explained by the difference in dose of BAM15, the activa-
tion time of BAM15 treatment, and the cell type used in
the studies. These data suggested an importance of the
delivery methods for BAM15 administration in the clini-
cal utilization. Perhaps, the theoretically enhanced mito-
chondrial functions (the energy boost-up) by proton
transfer from uncoupling agents might be very transient,
and, in contrast, the uncoupling agents might eventually
result in mitochondrial energy exhaustion and anti-in-
flammatory characteristics [16, 17, 61, 62]. Indeed, the
increased pyruvate influx into the tricarboxylic acid cycle
using dichloroacetate results in a more sustainable en-
hanced OXPHOS, in comparison with the UCPs, and im-
proves bactericidal activity [63] but does not improve
clinical outcomes in patients with sepsis [64] possibly due
to the increased cytokine production [65]. These data
demonstrated the diverse responses between the different
strategies on mitochondria. Notably, the organism con-
trol by antibiotics during sepsis adjunctive anti-inflam-
matory treatment is very important as the proinflamma-
tory cytokines are necessary for organismal eradication
[66]. Similar to our results with BAM15, the reduced mi-
tochondrial function indirectly decreased glycolysis due
to the compensatory increased pyruvate influx into mito-
chondria which reduced pentose phosphate pathways of
glycolysis as demonstrated by the reduced lactate after
treatment with niclosamide ethanolamine and oxycloza-
nide (the mitochondrial uncoupling agents) [67]. Be-
cause BAM15 attenuated inflammatory cytokines in both
macrophages and hepatocytes and downregulated proin-
flammatory M1 macrophage polarization, BAMI15 was
interesting for anti-inflammatory treatment in the hyper-
inflammatory status.

Administration of BAM15 Attenuated the Severity of

the LPS Injection Mouse Model

Despite the BAM15 anti-inflammatory effect in several
models [28-30], BAM15 has never been tested in LPS-
induced inflammation. Here, BAM15 attenuates both sys-
temic and local inflammation as indicated by proinflam-
matory cytokines in serum and in organs (livers and kid-
neys), respectively, along with liver enzymes and serum
Cr. Additionally, the BAM15 anti-inflammatory property
was also demonstrated through the nonreduction of IL-10
both in serum and in organs, possibly due to the enhanced
anti-inflammatory M2 macrophage polarization from
BAMI15. Likewise, an administration of UCP2, a natural
mitochondrial UCP, also enhances IL-10 and facilitates
M2 polarization in microglia and in RAW264.7 [68, 69].

Dang et al.



Perhaps, the glycolysis reduction did not only downregu-
late M1 macrophage polarization but also induced M2 po-
larization during inflammatory activation [8, 13, 14]. The
prominent IL-10 in both kidneys and livers in LPS-admin-
istered mice was also possibly due to the BAM15 accumu-
lation in both organs [30], which demonstrated a potent
anti-inflammatory local effect on both organs, the most
common organ failure in severe infection [31, 70, 71].
Since the liver is an important organ associated with sepsis
proinflammation (producing acute phase proteins and
complements) and thermoregulation [72], the reduced
hepatic energy status might activate AMPK, a metabolic
sensor for ATP depletion [53, 54]. Indeed, LPS slightly
enhanced liver AMPK, and BAM15 further increased liv-
er AMPK which might amplify anti-inflammatory re-
sponses [73, 74]. Indeed, AMPK, an activated molecule
during the depleted cell energy status, induces several pro-
cesses to maintain the energy homeostasis and prevents
cell damages in several models (sepsis, hepatic ischemic
reperfusion, and acute kidney disease) [75-77] through
multiple mechanisms, including autophagy induction
with apoptosis downregulation, enhancement of the alter-
native sources for cell energy (lipolysis and fatty acid oxi-
dation), and reduction in oxidative stress and inflamma-
tory signaling [78-82]. Overall, AMPK anti-inflammatory
effect is a cell adaptation to reduce the energy utilization
(decreased cytokine production) due to an energy insuf-
ficient condition [35]. Notably, we did not observe LPS-
induced hepatic lipid accumulation (data not shown)
which was consistent with a previous publication [83]. Al-
though the histological injury score of livers and kidneys
along with survival rate in our LPS injection model did not
improve by BAM15 possibly due to the nonlethality of the
model, our result is a proof of concept supporting BAM15
as an interesting candidate for the sepsis anti-inflamma-
tory drug. More studies are warranted.

In conclusion, an anti-inflammatory property of a mi-
tochondrial uncoupling agent (BAM15) was demonstrat-
ed as an example of anti-inflammatory induction through
an interference of the cell metabolic profile. BAM15 at-
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